Rolling contact fatigue twin-disc tests were performed on rail/wheel steels from Spanish high velocity trains (AVE). Residual stress profiles were determined using X-ray diffraction before and after cyclic loading. The evolution of residual stress profiles, due to cyclic loading, was analysed in order to study how they affect the rolling contact fatigue behaviour of these materials. This study is included in a major project where other related phenomena and materials' properties have been studied.
Introduction
One of the most crucial subjects in railways' components failure is rolling contact fatigue (RCF). RCF is a kind of damage that appears in components subjected to variable contact stress. In this type of fatigue loading, surface contact failure is caused by cracks that appear not only on the surface but also under the surface of the bodies in contact, depending on friction. Some aspects such as wear, corrosion, and surface corrugation, affect components fatigue life and must be considered in this type of fatigue behavior. Although most of the failures caused by RCF damage in railway transportation do not cause casualties involving loss of life, they are a matter of concern since they can cause unplanned maintenance interventions, with decreased service availability.
Fatigue failures due to RCF in railway wheels and rails are mainly caused by phenomena such as heat generation, fatigue, wear and impacts [1] [2] [3] and can be categorized as surface initiated defects or subsurface initiated defects. Wear is the principal consequence of friction and is defined as the progressive material loss of the active surface of a body in contact with another in relative movement. It is known that is a competition between RCF and wear, if the wear rate is too high it can remove surface initiated defects. Residual stresses have a major influence on surface initiated defects, since these defects are normally caused by gross plastic yielding of the wheel and rail material close to the running surface, due to repeated applications of high friction loads as consequences of traction, braking, curving, etc [1] . If that deformation occurs in a dominant direction, e.g. rails in double-track railways in which trains mostly run in the same direction, the material will harden and when residual stresses are not sufficient to prevent further accumulation of plastic strains and fracture strain is exceeded, cracks will eventually appear [4] . That phenomenon explains the benefits of the residual compressive stresses induced on the wheel tread during manufacture.
The current work aims to contribute with experimental results to the evaluation of the wear and the rolling contact fatigue resistance of the wheel-rail contact materials, using a twin-disc machine to simulate the most important dynamic conditions of a real contact. Simultaneous studies of surface integrity (i.e. detection of surface defects), wear (i.e. mass loss), roughness, and residual stress were carried out during twin disc contact fatigue tests, aiming at the identification of time dependency of these parameters, since all of them play a part in the running-in and service stages of the wheel and rail.
Material Characterization and Experimental Techniques
The experimental investigation was performed on samples taken from an Alta Velocidad Española (AVE) train wheel and from a UIC60 rail. The AVE train wheel is a real used wheel that reached the geometrical limits for continued usage. In order to characterize these two materials, chemical composition, mechanical properties, microstructure and hardness measurements, were carried out [5] . The chemical composition of the studied wheel and rail steels, obtained by optical emission spectrometry on samples taken from the AVE wheel and UIC60 rail is presented in Table  1 . The materials analysis revealed an ER7/ER8 grade wheel steel according to the EN 13262 standard and an R260 MN grade rail steel according to the EN 13674 standard. Both materials present a pearlitic microstructure. Fatigue crack growth rate determination tests were also performed in order to characterize the fatigue crack propagation behaviour [5] , as this is essential for the objectives of this project. Twin disc test machines are commonly used to simulate heavy loaded contacts like the wheel/rail contact and to predict materials behaviour in rolling contact fatigue. The twin disc test consists of two rotating discs in contact subjected to a constant applied load. In this type of tests the most important parameters are the discs' geometry, their rotating speed, the normal loading contact force, the presence of a lubricant and its flow rate and temperature. The main results obtained with twin disc tests are the specimens' contact surface wear, the surface fatigue cracking analysis and surface scuffing, depending on the test conditions. Two types of discs, one cylindrical and another with a 'spherical' contact surface with 35 mm radius, were used in twin discs tests. Both types of discs have 70 mm diameter and 7 mm thickness. These types of discs were joined in pairs composed of one cylindrical disc and one 'spherical' disc. The 'spherical' discs were taken from a Spanish AVE wheel and the cylindrical ones from a UIC60 rail sample, as shown in Fig. 1 . Since the specimens were extracted from the real wheel and rail profiles it was decided to verify if the specimens' orientation and location has any influence in the RCF behaviour. This way they were taken in different orientations and locations from these two profiles.
The specimens were tested in a twin disc machine available at CETRIB-INEGI laboratory of the Faculty of Engineering of the University of Porto [6] . The tests were performed with an applied load of F=750 N. Due to the discs' geometry and according to Hertz theory [7] the maximum contact pressure is p 0 =1.4 GPa, a typical value found in the wheel/rail contact, and the contact area assumes an elliptical shape with a minimum radii of a=0.4 mm and a maximum radii of b=0.6 mm. The smallest radius is oriented in the rolling direction. A nominal rotational speed of 3000 rpm was used on the lubricated tests (contact temperature of 40-50°C). In dry tests, due to the heat generated, a rotational speed of 1000 rpm was used, to obtain a stabilized temperature on the contact of about 30°C. Galp TM100 oil was used as a lubricant, as it is a mineral oil with no special additives. This type of lubricant was chosen because it reduces the wear, reducing its influence on the RCF and promoting the appearance of contact fatigue defects, which are the object of this study. Lubricant properties are shown in Table 2 . The wheel and rail disc pairs tested on the lubricated and dry tests are shown in Table 3 . 
Residual stress analysis was performed by X-ray diffraction using a Proto iXRD equipment available at the CEMDRX laboratory of the Faculty of Sciences and Technology of the University of Coimbra, working on Ω mounting. Lattice deformations of the {211} diffraction planes (2θ ≈ 156°) were measured using Cr-Kα X-ray radiation, with 11 β angles (22 ψ angles), an acquisition time of 30 seconds by peak and ±2° oscillation in ψ. The stress was evaluated using the Proto XRDWIN 2.0 software, with an elliptical regression of d vs. sin 2 ψ data and the (1/2)·S 2 X-ray elastic constant value of 5.83×10 -6 MPa -1 . For the analyzed material and considering the radiation used, the average penetration depth of the X-rays was about 5 µm. The residual stresses were determined in the longitudinal direction (LD) and the transversal direction (TD) of the rolling track, on a rectangular area with a maximum width between 0,7 and 0.9 mm, at the centre of the rolling track. Residual stress depth profiles were obtained using the electro polishing layer removal method.
Experimental Results
Some interruptions of the twin disc tests were made for measuring contact surface roughness and topography, mass loss (due to wear) and surface residual stresses, to follow their evolution during the rolling contact fatigue process. An example of the mass and roughness parameters evolution of the discs tested is presented in Fig. 2 and 3 , for lubricated and dry conditions. The contact surfaces of the tested specimens were also observed by optical microscopy during twin disc tests interruptions to verify the existence of defects, such as cracks, pits or spalls. The contact surfaces state, after testing, is shown in Fig. 4 and 5 . The twin disc rolling contact fatigue tests performed in wheel and rail materials allowed to conclude that under the tested conditions the running-in phase of the studied materials ends after approximately 5 million rotations, and rolling contact fatigue cracks appear at the contact surface after 15 to 18 million cycles in lubricated conditions. It was verified, during lubricated tests, that the wheel material is more sensitive to defects initiation, since the larger number of defects was observed in the wheel specimens. However, during dry tests no defect was
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Residual Stresses IX detected, probably due to the high wear rate that removes any crack that appears at the contact surface. The wheel material presents a higher wear rate than the rail material, which is more noticeable in dry tests. This difference in the wear rate is the cause of the corrugations observed in the contact surfaces of the discs tested in dry conditions (Fig. 5) , due to the fact that the used twin disc machine imposes the same rotating speed in the two discs and if one has higher wear it's diameter will be different than the other disc, consequently the tangential speed of the two discs on the contact will be different and sliding is verified. No significant influence of the extraction position of discs from the real wheel and rail profiles was detected on the results. 5 . Contact surfaces after 0.8×10 6 cycles in dry conditions. The evolution of the residual stresses at the discs' surface, during rolling contact fatigue, are shown in Fig. 6 , as well as the evolution of the X-ray diffraction peak breadth. These experimental results show an evolution of the surface during the lubricated rolling contact fatigue tests, pointed out by gradual changes of the residual stress state and the X-ray diffraction peak breadth values, mainly during the running-in phase. The surface residual stresses are always compressive for both types of discs and more intense in the transversal direction, compared to longitudinal. But after the running-in we obtain a stabilized residual stress state, where the stresses are very similar for the same direction in both types of discs. The initial stress state at the surface, however, is not the same on the discs obtained from the wheel and the rail, as it can be seen in Fig. 6 , due to the fact that the sequence of machining and finishing operations where not the same for the cylindrical and 'spherical' discs.
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The in-depth residual stresses and X-ray diffraction peak breadth depth results, obtained after electro polishing layer removal, can be observed in Fig. 7 , corresponding to the state before rolling contact fatigue and after 40 millions cycles. Before rolling contact fatigue tests, the specimens present an initial residual stress state in the surface layers essentially due to the machining and finishing of the specimens surface, since they were not submitted to any post-machining treatment. They present large compressive stresses near the surface, with transversal residual stresses of higher magnitude than the longitudinal stresses, followed by tensile stresses at a depth between 30 and 120 µm. After 40 millions cycles we can see that, as a result of the accumulation of plastic microdeformation during cyclic stressing under rolling contact loading conditions, the initial tensile stresses at greater depth are changed to compressive. The rolling contact loading develop large compressive residual stresses in both directions within a surface layer with more than 700 µm, which drastically changed the initial residual stress state introduced by the machining of the discs and is in agreement with other results found in the literature [8] [9] [10] [11] [12] [13] [14] . Two different effects of the rolling contact fatigue can be observed: (i) the higher values at the extreme surface, induced by the direct action of the contact, and (ii) maximums of compressive residual stresses at a depth of 400 µm and of the X-ray diffraction peak breadth distribution at a depth of about 200 µm, that should be related to the action of the maximum in-depth hertzian stresses. Residual stress determined in the longitudinal direction (LD) and the transversal direction (TD) of the rolling track and X-ray diffraction peak breadth depth profiles before rolling contact fatigue (wheel disc RAD1 -before fatigue testing) and after 40×10 6 cycles (wheel disc TRV1).
Concluding remarks
In the present experimental conditions, the running-in phase of both wheel and rail materials ends after approximately 5 million cycles and rolling contact fatigue defects appear at the contact surface after 15 to18 million cycles in lubricates conditions. The wheel material presents a higher wear rate than the rail material and is more sensitive to defect initiation. However, during dry tests no defect was detected, probably due to the high wear rate that removes any crack that appears at the contact surface. The experimental results show an evolution of the surface integrity during contact
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Residual Stresses IX fatigue tests, which was confirmed by the gradual changes in the residual stresses values, mainly during the running-in phase. The rolling contact fatigue introduces compressive stresses, with the higher values at the extreme surface and a maximum at a certain depth that should be related to the action of the in-depth hertzian stresses. A more complete analysis of the evolution of residual stress fields in the twin disc machine specimens will be assessed and their influence on the evolution of initial surface cracks will be better understood.
